We calculate the spectral distortions from Hawking evaporation of primordial black holes before the epoch of recombination, taking into account emission of all standard model particles, including quark and gluons, and evolving the resulting particle cascades in the expanding Universe. We show that the constraints on the abundance of primordial black holes are stronger by more than an order of magnitude compared to the previous calculations which take only the primary photon emission into account. We also show that the shapes of the spectral distortions is different from the y or i-type distortions and are sensitive to the mass of the primordial black holes. We also extend previous constraints on the decay of long lived unstable particles before recombination to additional decay channels. We show that for dark matter mass 1 GeV, the spectral distortion shape is a function of the dark matter mass as well as the decay channel to standard model particles. We also provide new spectral distortion constraints on superconducting cosmic string decay. We explicitly show that consideration of emitted photon spectrum from string decay is not only important for the future experiments but also for already available COBE-FIRAS data.
Introduction
Spectral distortions of the cosmic microwave background (CMB), abundance of light elements produced in the big bang nucleosynthesis (BBN), and CMB anisotropy power spectrum provide multiple avenues to constrain external electromagnetic energy injection into the primordial baryon-photon fluid in the early universe. Injection of energy around the recombination era (z ∼1000) modifies the standard recombination history, damping the CMB temperature anisotropy power spectrum while boosting the polarization power spectrum [1] [2] [3] . Recently, it was shown that the CMB anisotropies can constrain energy injection at redshifts as high as z ∼ 10000 [4] . CMB temperature anisotropy power spectrum has been measured to exquisite precision by Planck [5] and ground based experiments such as SPT [6] , and ACT [7] . Next generation experiments [8] [9] [10] [11] [12] , with more precise polarisation measurement, can strengthen the present day constraints by an order of magnitude. Energetic photons in the electromagnetic cascades triggered by the injection of high energy particles can photo-dissociate light elements produced by BBN, changing their abundances. BBN can constrain energy injection upto very high redshifts, until the pair production threshold on CMB photons becomes comparable to photo-dissociation thresholds for helium-4, deuterium and helium-3 [13] [14] [15] . Once the pair-production on CMB photons becomes important, the fraction of injected energy going into destruction of elements drops and BBN constraints on energy injection become weak. BBN constraints, limited by the astrophysical uncertainties on the measurement of the abundance of light elements, are well established [16] [17] [18] [19] . Previous calculations however neglected Hubble expansion whose importance was emphasized recently [4] .
The best measurement of the CMB spectrum was done more than 25 years ago by COBE-FIRAS (Cosmic Background Explorer-Far InfraRed Absolute Spectrophotometer) [20, 21] . In contrast to CMB anisotropies and BBN, the spectral distortion constraints have the potential for many orders of magnitude improvement with near future experiments like PIXIE [9] . At z 2×10 6 , photon non-conserving processes such as double Compton scattering and bremsstrahlung together with Compton scattering, establish a Planck spectrum and exponentially suppress any departure from equilibrium. Any energy injection above z 2×10 6 in the form of heating, therefore, raises the temperature of the photons while preserving the blackbody spectrum [22] [23] [24] [25] . At z 2 × 10 6 , energy injection can give rise to y, µ or i-type distortions [22, 24, [26] [27] [28] [29] [30] . Previous calculations assumed that all of the injected energy goes into heating up the background electrons which boost the CMB photons by non-relativistic Compton scattering. Recently, it was shown that for high energy (>10 keV) electron-positron and photon injections, significant relativistic corrections are expected [31] . Relativistic electrons and positrons produced during the particle cascade, triggered by the high energy injected particle, can boost the CMB photons to significantly higher energy compared to the y-type distortion, imprinting characteristic energy dependence on spectral distortion shapes due to relativistic collision processes. Taking these ultra-relativistic distortions into account modify the constraints on energy injections. It was shown in [32] that for dark matter decay to monochromatic electron-positron pairs or photon pairs, the constraints can relax by upto a factor of 4-5 for injection redshifts z inj <50000. In this paper, we extend these calculations to additional dark matter decay channels to standard model particles, Hawking evaporation of primordial black holes and decay of cosmic strings.
There are many particle physics models beyond standard model which can provide a dark matter candidate. The simplest extension beyond standard model is the WIMP (Weakly Interacting Massive Particle) paradigm which invokes just one extra particle with weak interaction to explain the present density of dark matter. However, in general, in theories such as supersymmetric and Kaluza-Klein type extra-dimensional models, there are a large number of new particles with the lightest stable particle being the dark matter candidate. A detailed discussion of possible dark matter candidates can be found in reviews such as [33, 34] . These models are invoked not only to explain dark matter but also to explain problems related to standard model physics, for example, the hierarchy problem. These models typically include small coupling with standard model particles so as not to violate the collider and astrophysics constraints while simultaneously alleviating problems related to the particle physics. Therefore, it is perfectly reasonable to assume that many new particles were produced in the early Universe. The lightest stable particle is the dark matter today. However, there could have been additional particles which were unstable and decayed later into standard model particles and/or dark matter particles. If the lifetime of these new particles is larger than ∼ 2 months (decays happening at z 2 × 10 6 ), then a fraction of energy going into the standard model particles will give rise to the CMB spectral distortions.
Another interesting scenario, which can inject energetic electromagnetic particles at high redshifts, is Hawking evaporation of primordial black holes. Evaporating black holes emit energetic standard model particles having energies of the order of the temperature of the black hole which in turn depends on the mass of the black hole [35, 36] . The shape of the spectrum of emitted particles at energies much larger compared to the black hole temperature is thermal. However, at low and intermediate energies, there can be significant deviation from the thermal spectrum [37, 38] . Black holes with temperature 1 GeV emit mostly quarks and gluons which produce significant amount of secondary electrons, positrons and photons after hadronization [39] . Spectral distortion constraints for primordial black holes with mass range ∼ 10 11 g -10 13 g (corresponding to black hole evaporation between y and µ era) have previously been studied in [40] , which assumed that only the primary photon emission produces thermal distortion and ignore other particle emissions. However, recent work of [41] takes into account all particles but assumes that all energy goes into nonrelativistic y, i and µ-type distortions (referred collectively hereafter as the yim distortions). Black holes emit all particles democratically provided the emission is kinematically allowed i.e. the temperature of the evaporating black hole is of same order or larger compared to the mass of the emitted particle. The fractions of energy going into different particles are proportional to the multiplicity of each particle. For example, 6 quarks with 3 colors, antiparticles and spins of 1/2 have multiplicity 72 and account for the bulk of emitted energy while the photons with multiplicity of 2 corresponding to 2 polarizations account for a sub-dominant fraction of evaporating energy. Therefore, it is important to take into account secondary photon, electron, and positron emission from quarks and gluons at high temperatures where primary photon emission only accounts for a tiny fraction of the total emitted energy. In this work, we take into account all the particles emitted by black holes and calculate the non-thermal (ntr) spectral distortion shape by evolving the electromagnetic cascades. We compare the full non-thermal distortion spectrum with thermal distortion spectrum (yim distortion). For black hole evaporation at z 10 5 , the shape of non-thermal distortion is significantly different from that of thermal non-relativistic spectral distortions, while for higher redshifts, spectral distortions are thermalized to µ distortion.
Phase transitions in the early universe can give rise to topological defects like monopoles, strings and domain walls [42] . String theory also predicts the existence of such objects [43] . These cosmic strings carry energy, source perturbations in surrounding matter, and thus, can have observable effects in the CMB anisotropy power spectrum [44, 45] . Cosmic strings can be superconducting and can decay by emitting their energy as high energy electromagnetic particles [46] . Therefore, CMB spectral distortions can probe or constrain the abundance of such objects in the early universe.
We use COBE-FIRAS [20] data to give constraints for different energy injection scenarios using spectral distortions calculated by evolving the electromagnetic cascades. In particular, we do not use the yim approximation but use the actual spectral distortion shapes. We also give forecasts for a future PIXIE-like experiment. We use Planck [5] ΛCDM cosmological parameters for all calculations.
Electromagnetic cascades in the expanding Universe
In this section, we briefly explain the qualitative aspects of electromagnetic cascade evolution. The technical details can be found in [31] . We follow the computational approach of [47] [48] [49] in an ionized universe extended to spectral distortions as described in [31] . We divide the energy range of interest into 500 logarithmically-spaced energy bins for each particle (e.g. photons, electrons and positrons) in dimensionless frequency variable x = E/T CMB , where E is the kinetic energy of the electron or positron or the energy of the photon, and T = 2.725(1 + z) K is the CMB temperature. In an ionized universe, electrons with energy below keV deposit their energy via heat while higher energy electrons boost the CMB photons by inverse Compton scattering process (ICS). Positrons can release two photons with energy 511 keV after annihilating with the background electrons. The rate of energy deposition for electrons and positrons, to a very good approximation, is instantaneous compared to the Hubble rate. For photons, we take into account Compton scattering, photon-photon elastic scattering and electron-positron pair production. A high energy injected particle, after repeated scattering, deposits its energy by boosting the background particles. These particles in the cascade will have relativistic energies with non-thermal distribution. The spectral distortion signal from these non-thermal particles has different shape from the y-type or i-type distortions. The deviation of non-thermal distortions from thermal distortion shape is significant for z 10 5 , while for higher redshifts, the non-thermal signals also thermalize to µ-type distortion [32] .
Primordial black hole evaporation
Primordial black holes are formed from high energy density peaks in the early universe when overdense regions decouple from the Hubble expansion and collapse to form black holes [50] [51] [52] . If the density perturbation at the stage of horizon entry exceeds a threshold, determined by the thermal pressure, it can lead to formation of a black hole with mass of the order of horizon mass, M BH ∼ c 3 t G [53] , where t is the cosmological time, G is Newton's gravitational constant and c is the speed of light. Depending on the formation epoch, primordial black holes can span huge range of masses, from Planck scale to hundreds of solar mass. For a general overview on constraints on primordial black holes, see [53] . We will consider only Schwarzschild black holes in this paper. This is a good approximation because, for a rotating black hole, more than 50 percent of black hole energy is emitted when the black hole has already lost most of its spin and it is slowly rotating [54] .
Black holes, once formed, radiate particles as a hot body with temperature (with c = = k B =1) [35, 53] ,
where M 10 = M BH /10 10 g is the mass of black hole in units of 10 10 g. The lifetime of evaporating black holes is approximately given by [39, 53] ,
where f (M BH ) is carries the information about emitted particles from evaporating black hole as defined below. The particle emission rate from Schwarzschild black holes in the energy interval E and E+dE is given by [37, 38] ,
where Γ s is the absorption coefficient which depends on the spin (s) and mass (m) of the emitted particle and the mass of the black hole [37, 38] . The spectrum of emitted particles just outside of black hole horizon has a thermal distribution. These particles experience an effective potential outside the horizon which is determined by the mass of black hole and the angular momentum and mass of the emitted particle [55] . Therefore, the emission spectrum of particles far way from horizon becomes mass-and spin-dependent. These absorption coefficients become mass (of particle) and spin-independent at high energy approaching the limit,
The PBH mass loss rate can be written as [39] ,
where M T i 's are the mass of the black holes whose temperature is equal to standard model particles with mass m i with i ∈ µ, u, d, s, c, τ, b, t, g for muon, up quark, down quark, strange quark, charm quark, tau, bottom quark, top quark and gluon respectively, x bh = E T BH , and x bh,s is the location of the peak of the emitted instantaneous power spectrum i.e the dimensionless energy x bh of the peak of the distribution, ψ s (
The value of x bh,s for s=0,1/2, and 1 is 2.66,4.53, and 6.04 respectively [39] . Thus, a standard model particle is emitted from a black hole in appreciable amount when the temperature of the black hole is such that the peak of the instantaneous power emission from the black hole is of the order of the mass of that standard model particle i.e.
For massless particles or for particles with masses much smaller compared to the black hole temperature, the contribution to particle emission is given by the integral of ψ s (x bh ) over all energy, which is 6.89,3.68 and 1.56 for s=0,1/2 and 1 particles respectively [56] . The normalization of f (M BH ) is chosen such that the contribution of massless particles i.e photons and neutrinos add upto 1. In eq. 3.5, we have assumed that photons, electrons, positrons and neutrinos are freely emitted which holds true for the calculations in this paper, since we consider black holes with T BH > m e . The contribution from photons (2 × 0.06), neutrinos (6 × 0.147) and e − , e + (4 × 0.142), adds upto 1.569.
We can see from Eq. 3.5 that quarks and gluons dominate the emission spectra when temperature of black hole is within an order of magnitude of their mass. Almost half of their energy is converted to photons, electrons and positrons while the other half is mostly converted to neutrinos (see Fig. 4 of [57] ). These secondary electromagnetic particles have to be taken into account when calculating the spectral distortion signals.
Calculations and results
To take into account the secondary emission from primary particles directly emitted from the black hole, we use the result of [57] . The authors of [57] have provided fluxes of secondary products as a function of energy from primary emission of all standard model particles from dark matter annihilation or decay with energy in the range 5 GeV-100 TeV using PYTHIA [58] . For black holes with mass M BH ≈ 10 13 g, which decay in the y-era (at redshift ∼ 7000), the temperature of the black hole is ≈ 1 GeV. The average energy emitted as quarks and gluons have energy of the order of few GeV. For black holes decaying at earlier redshifts (i.e. lower black hole mass), the temperature of black hole is still higher and the tabulated data in [57] is sufficient. We have used the primary black hole spectrum with the absorption coefficient Γ s (E, s, M BH ) provided in [56] . We have taken into account the change in the mass of the black hole (and therefore its evolving temperature and emitted instantaneous power) as it evaporates. In Fig. 1 , the fraction of the mass of the black hole yet to be evaporated and the corresponding temperature of the black hole is plotted as a function of redshift for different initial masses. A black hole of mass 10 13 g decays around z ≈ 7000 while 10 12 g mass black hole decays around z ≈ 2 × 10 5 . In Fig. 2 , we plot the instantaneous spectra, after hadronization of quarks/gluons and decay of unstable particles, of emitted electromagnetic particles for different black hole masses at a redshift when they are completely intact i.e. at t < t BH . Most of the photons, electrons and positrons are found around ∼100 MeV. This is due to pion decay to photons and electrons-positrons after hadronization. Charged pions first decay to muons which subsequently decay to electrons and positrons, while neutral pions decay to photon pairs. Therefore, the average energy of the electrons and positrons is slightly less compared to the photons. The bump at energies x bh,1/2 T BH and x bh,1 T BH at high energies just below the exponential fall-off is due to the primary emission of photons, electrons, and positrons. In the high energy tail, electron and photon spectrum converge as the emission becomes close to thermal.
In Fig. 3 , we show the spectral distortions from evaporating black holes calculated by evolving the high energy particle cascade until all energy is dissipated and the spectral distortion shape is frozen and compare it with the spectral distortions obtained in the yim approximation. We also plot the spectral distortion signal with just primary photon contri- Figure 4 : Constraints on the initial energy density in black holes (as a fraction f PBH of total stable cold dark matter) as a function of mass. The evaporation redshift (z BH ) of the black hole is defined as the redshift at which the mass of the black hole has reduced by a factor of e (=2.718). We assume monochromatic black hole mass function. The shaded region is excluded by COBE-FIRAS data.
bution in the yim approximation (used in most of the previous works). There is a factor ≈ 50 amplification just for the thermal distortion shape with secondary electromagnetic particles. From Eq. 3.5, we can check that taking into account emission of all standard model particles (with the exception of top quark and higgs) gives f (M BH ) ∼ 12 while the contribution from primary photons is just 0.12. Nearly half of the energy of emitted quarks and gluons is converted to secondary electromagnetic particles, with rest of the energy lost to neutrinos [57] , which explains the factor 50 amplification. The non-thermal distortion shape for 10 13 g black hole has a longer tail due to high energy photons (being created at z 10000) compared to the thermal (yim) distortion signal which makes the amplitude of the signal at the maximum (as well as minimum) of the distortion smaller. This can also be seen from the residual signal after subtracting best fit yim (i.e. trying to approximate the actual ntr distortion with a y+i+µ distortion fit) signal from the ntr signal. The details of the fitting procedure are described in [31] . For 10 12 g and less massive black holes, the CMB spectral distortions (being created at z ∼ 10 5 ) thermalize and converge to yim distortions.
In Fig. 4 , we plot the spectral distortion constraints on the fraction of energy density in the primordial black hole as a function of the mass of the black hole. We define the fraction of primordial black holes w.r.t CDM,
where ρ cdm is the stable cold dark matter energy density and ρ PBH (M BH ) is the primordial black hole energy density with initial mass M BH . To derive the constraints, we have used the COBE-FIRAS [20] data. We fit COBE-FIRAS residuals to the CMB spectral distortion tem- : Spectral distortions for 10 GeV dark matter decaying to photon pairs with f X = 0.0003 . For decay to muon, up quark and gluon, f X is scaled such that total electromagnetic energy injection in these cases is equal to that of decay to photons. The decay redshift is z X =20000. For comparison, we show the spectral distortion in the yim approximation assuming all energy goes into heating.
plates calculated for primordial black hole of different masses [32] . Following COBE-FIRAS procedure to derive constraints on y and µ distortions, we also take into account the possible deviation of the actual CMB blackbody temperature from 2.725 K and Galactic foregrounds. For higher mass black holes (decaying at smaller redshifts), the ratio of energy density injected into the CMB to that of the energy density of the CMB increases as the CMB energy density ∝ (1 + z) 4 while ρ BH ∝ (1 + z) 3 . Therefore, the spectral distortion constraints get stronger for higher mass black holes. At redshifts of z ≈ 2 × 10 6 , photon number changing processes become effective [25] and constraints become exponentially weaker. Constraints from the non-thermal distortion diverge from the thermal distortions at higher mass as thermalization is less efficient at lower redshifts where higher mass black holes evaporate.
Dark matter decay to standard model particles
In this section, we expand the results of [32] to additional decay channels. We derive constraints on dark matter decaying to various standard model particles in the energy range greater than ∼100 MeV i.e. above the threshold of pion mass. We consider dark matter decay to neutral pions, neutral pion-photon pair, muon-antimuon pair and charged pions for dark matter mass ∼300 MeV-2 GeV. Beyond ∼600 MeV-1 GeV, free quarks and gluons are emitted instead of composite pions. These quarks, gluons also after hadronization produce a spectrum of electrons, positrons, photons, neutrinos and stable hadrons. We ignore the small fraction of energy ( 15 %) going into stable hadrons (protons/antiprotons, deuterium/anti-deutrium, Fig 4 of [57] ). We plan to include this in future. We use PYTHIA results (electromagnetic spectrum only) [57] for the spectrum of the standard model particles from dark matter decay. We can write the energy density (E) injection rate as,
where τ X is the particle lifetime and z X is the redshift at proper time t = τ X , ρ DM (z) = (1 + z) 3 ρ DM (z = 0) is the non-decaying dark matter energy density at redshift z and f X is ratio of the initial energy density of decaying dark matter to that of the non-decaying component. It was shown in [32] that for dark matter of mass (m X ) 1 GeV decaying to electronpositron pairs or photon pairs, spectral distortion constraints are independent of dark matter mass. This is because for photon energy 1 GeV, the relevant scattering processes (photon pair production, photon-photon elastic scattering and inverse Compton scattering) are extremely fast compared to the Hubble rate. These processes immediately produce a broad, almost universal low energy photon spectrum below the threshold of these processes, irrespective of the energy of injected photon, which makes the spectral distortions and the constraints derived from spectral distortions independent of the injected particle spectrum above a redshift dependent threshold. This pattern is also seen in the universal constraints on dark matter decay from big bang nucleosynthesis [18] and in the energy deposition fraction from dark matter decay or annihilation around recombination ( Fig. 4 of [47] ). We show in Fig. 5 , the spectral distortion for a 10 GeV dark matter decaying to different standard model particles. The shapes of spectral distortions are almost identical to that of decay to photons. The amplitude is however different for different decay channels and is proportional to the energy going into electromagnetic particles i.e photons, electrons and positrons. In particular, energy lost to neutrinos depends on the decay channel. Hence, constraints on dark matter decay to any standard model particle are sensitive to the decay channel and for dark matter mass few GeV are obtained by scaling the constraints from decay to photons with branching fraction to electromagnetic particles. In Fig. 6 , we show constraints on fraction of decaying Figure 7 : Spectrum for dark matter decaying to various channels with different dark matter mass, f X =0.0003 and z X =10000. The charged pion and muon channel curves have been scaled such that the total electromagnetic energy injection for each cases is identical. For comparison we show the spectral distortion in the yim approximation assuming all energy goes into heating.
dark matter for muon, up quark and gluon channels. Others quarks have similar constraints as up quark while tau lepton channel has similar constraints as the muon channel. Leptonic channels have the weakest constraints primarily producing neutrinos while electromagnetic channels have the strongest constraints. For energy range within ∼100 MeV and ∼ 1 GeV, we consider dark matter decay to neutral pions, photon-neutral pion, charged pions, and muons. These channels have been considered for the detection of dark matter through pair annihilation to gamma rays [59, 60] . We use the electron, positron, and photon spectrum provided in the references [59, 60] . In Fig. 7 , we show spectral distortions for the pion and muon decay channels at z X =10000. We can see that the shape of the distortion depends upon the decay channel since the initial injected photon, electron-positron pairs spectra are different for different decay channels. In Fig. 8 and 9 , we give the constraints on dark matter decaying to neutral pions, photonneutral pion pairs, muons, charged pions in dark matter mass range 300 MeV to 2 GeV. For neutral pion pair and photon-neutral pion pairs all the mass of dark matter is released in electromagnetic energy as neutral pion decays to two photons. For muon and charged pion channels a significant fraction of energy is lost to neutrinos. Fraction of electromagnetic energy deposited is ∼35 percent for muon channel and ∼ 25 percent for charged pions, relaxing the constraints compared to the other channels.
Decay of cosmic strings
Cosmic strings are one dimensional topological defects produced in the early universe during cosmological phase transitions that break U(1) symmetry spontaneously [61, 62] . The cosmic strings can be superconducting, carrying currents, and can radiate bursts of electromagnetic energy. The amount of energy released and the energy spectrum of particles produced in the electromagnetic bursts is a function of string tension and current [46, 63, 64] . The power emitted in electromagntic energy is [64] 
where I is the current in the string, and µ is the string tension. They can also radiate gravitational waves [65] with power P GW = Γ GW Gµ 2 , where Γ GW and Γ E M (in case of electromagnetic emission) depend on the shapes of string loops [64, 65] . The radiated electromagnetic spectrum has a cutoff, which comes from demanding that the energy emitted does not backreact on cosmic string dynamics. The cutoff is given by [64, 66] , ω c = 2π f c = µ 3/2 I −3 l −1 . The spectrum of the electromagnetic radiation is given by, dE d f ∝ f −2/3 . The crossover between electromagnetic and gravitational dominated energy loss is given by a curve in the Gµ− I plane. For I > I * , where I * = Γ GW Gµ 3/2 Γ E W , the energy loss is mainly by electromagnetic radiation. We consider Γ EW ∼ 10, Γ GW ∼ 50 in this paper following [66] . These numbers are derived for string trajectories found in [67] for non self-intersecting strings.
We consider decay of cosmic strings with short-lived loops following [66] as a matter of simplicity. The rate of shrinkage is given by,
where
Assuming the length of loop at formation time t i to be αt i , the length of loop decreases as,
The lifetime of a loop is given by, τ = α Γ e f f t i . For a short-lived loop, α = Γ e f f . The formation rate of loops at time t is given by [66] , dn dt ∼ 1 γ 2 αt 4 while number density of decaying loops for small loops is given by n d (t) ∼ 1 γ 2 αt 3 with γ = 0.27 in the radiation dominated era. The electromagnetic energy density injected per unit time is given by,
The spectral distortion constraints obtained in [66] assume the distortions to be of thermal nature regardless of the spectrum of injected energy. In this work, we will use the information of full injected spectrum to calculate the distortion spectrum. The photons emitted by strings can have higher or lower energy compared to the CMB photons. For a high current, a string can radiate a lot of soft photons. Therefore, we have to take into account photon injection in the form of low energy photons (lower than the average CMB photon energy).
For photon injection with 0.1 x 10, where x = ( E γ T CMB ), Compton scattering is the dominant process [25, 68] . For x<0.1, photon non-conserving processes Bremsstrahlung (BR) and double Compton scattering (DC) are important [24, 25, 68] . The soft photons are absorbed through these processes, heating the electrons. Therefore, for these low energy photon injections, we will get yim distortions, while for photon with energy 0.1 x 10, distortion shape is much richer [68] . The transition from Compton scattering dominated regime to BR, DC dominated region can be seen in Fig. 3 of [68] and is in reality not sharp but gradual. In our calculations, we assume a sharp crossover between pure photon non-conserving processes (BR and DC) and Compton scattering at x=0.01 to simplify calculations. This is a good approximation as at x 0.01, the BR absorption rate is faster compared to the Hubble rate ( Fig. 3 of [25] ), implying almost complete absorption of these photons. In our approximate treatment, photons at x> 0.01 are evolved with Compton scattering which after crossing x=0.01 boundary are converted to heat. This is a good approximation for COBE-FIRAS data, where we observe CMB spectrum only at x > 1.2. We have checked that the spectral distortion shapes for x > 1 are not sensitive to the choice of this boundary.
In Fig. 10 , we compare the actual spectral distortion shape and yim shape for photon injection from EM-dominated string decay with constant tension and different currents. For I 10 9 GeV, the emitted soft photons (x < 0.01) heat up the electrons immediately. For slightly smaller currents, photons are produced in the range 0.01 < x < 10, which have higher chance to survive while giving a small fraction of energy to heat by absorption and through Compton scattering. This relaxes the COBE-FIRAS [20] constraints on allowed string tension as shown in Fig. 10a and 11 and produces the big bump at I = 10 6 GeV in the PIXIE projections. For still lower current, photons with relativistic energies are produced (Fig. 10b ) which give distortions with lower amplitude and significantly more energy in the high energy tail compared to the yim distortions. In Fig. 11 , we give the spectral distortion constraints and projections for PIXIE experiment assuming a factor of 1000 improvement in sensitivity for both EM-and GW-dominated string decay over COBE-FIRAS. For reference, we also show the constraints in the yim approximation i.e. assuming all radiated energy goes into heat. We see that the actual constraints are significantly relaxed and yim approximation can be off by almost an order of magnitude. Figure 11 : Exclusion plot for dimensionless string tension vs current for COBE-FIRAS [20] (black shaded region) and projections for PIXIE [9] (dashed lines). For the string parameters corresponding to the bump in PIXIE projections at I ≈ 10 6 GeV, photons are emitted in the energy range with 0.01 < x < 1. In this energy range, bremsstrahlung process is inefficient and photons have high chance to survive rather being absorbed and converted to heat, making constraints significantly weaker, since most of these photons are out of the CMB (COBE-FIRAS) band.
Conclusions
In this work, we have studied the spectral distortion constraints from evaporation of primordial black holes, dark matter decay to standard model particles and decay of cosmic strings. We solve the high energy particle cascade from black hole evaporation taking into account secondary particles produced from hadronization of emitted primary particles and obtained constraints which are stronger by almost a factor of 50 compared to previous works which ignored the secondary particles. Primordial black holes of mass ∼ 10 13 g (decaying at z 10 4 ) inject relativistic particles in the background baryon-photon plasma, which results in relativistic non-thermal spectral distortions having higher intensity in the high energy tail compared to the non-relativistic thermal (yim) spectral distortions. The lower amplitude of spectral intensity relaxes the constraints compared to the yim approximation by a factor of 2. For black hole of mass 10 12 g and below, the spectral distortions thermalize to µ-type distortions. We explicitly show that for decaying dark matter with masses of the order of 10 GeV and above, the spectral distortion shape is independent of dark matter mass and the constraints for decay to various standard model particle channels is simply a function of branching fraction to electromagnetic particles. For sub-GeV mass dark matter, the spectral distortions are non-universal having a characteristic shape that is sensitive to the decay channel as well as the mass of the dark matter particle, and can deviate from yim approximation by a factor of 2 to 3 in amplitude in the COBE-FIRAS frequency band.
We also provide constraints on superconducting cosmic strings in the string tension and current plane taking into account the emitted photon spectrum which had been ignored in previous studies. We show that photon emission with relativistic energy and in the CMB band has palpable consequences for both COBE-FIRAS and PIXIE spectral distortion constraints. Taking the actual shape into account relaxes the constraints by almost an order of magnitude in the region of the parameter space where photons with energy comparable or larger than the average CMB photon energy are being emitted. The shape of the spectral distortion is sensitive to the tension and current of the cosmic string.
The spectral distortions in the y-type and i-type era (z 10 5 ) carry rich information about the potential new physics beyond the standard model of particle physics. This information is hidden in the characteristic shapes of the CMB spectral distortions and can, with precision measurements of the CMB spectrum, distinguish the particular new physics responsible for creating the distortions. The CMB spectral distortions, if detected (other than the Sunyaev-Zeldovich effect which has already been detected), can thus be used to measure the parameters of the new physics responsible for them, such as the branching fractions and mass of the decaying dark matter, mass function of primordial black holes, and tension and current of the cosmic strings.
